Multi-messenger astronomy started with the discovery of kilonova AT2017gfo, the optical counterpart of GW170817 and of the short GRB 170817A. This was also the first time that a kilonova could be followed up spectroscopically. In this work, we aim at searching the fingerprints of AT2017gfo-like kilonova emissions in the optical/NIR light curves of selected short GRBs. We used the spectroscopic and photometric dataset of AT2017gfo to build rest-frame spectral templates of the kilonova. Afterwards we compared these templates with light curves of 39 short GRBs with known redshift. We could establish empirical constraints on the existence of AT2017gfo-like kilonovae in previously observed short GRBs posing limits to the kilonova emission mechanism. Moreover, we find further supporting evidence to all claimed kilonova detections and seven new possible kilonovae associated with short GRBs.
INTRODUCTION
Gamma-ray bursts (GRBs) show a bimodality in the distribution of the duration, and thus can be separate at T 90 = 2 s in two populations (e.g., Kouveliotou et al. 1993) . Nowadays, more than 50 years after their discovery in the late sixties E-mail: andrea.rossi@inaf.it (AR) (Klebesadel et al. 1973) , we know that while long GRBs have been conclusively linked to the explosive deaths of massive stars (e.g., Hjorth et al. 2003) , for a long time only indirect evidence associated short GRBs (sGRBs) to the merging of compact objects. A watershed occurred after the detection of the gravitational wave (GW) source GW170817 (Abbott et al. 2017a ) by (aLIGO/AVirgo; LIGO Scientific Collaboration et al. 2015; Acernese et al. 2015) . The confirmed iden-tification of this event and short GRB 170817A (Goldstein et al. 2017; Savchenko et al. 2017; Abbott et al. 2017c ) with the same astrophysical source has provided the first direct evidence that at least a fraction of sGRBs is associated with the merging of two neutron stars (NSs). At the same time, the "kilonova" (e.g., Li & Paczyński 1998) identification of the optical counterpart of GW170817, AT2017gfo (Coulter et al. 2017 ) has indirectly told us that these poorly sampled astrophysical phenomena can potentially be detected as a possible additional component to the optical/NIR afterglow of (nearby) sGRBs in the temporal window that goes from about few hours to few weeks after the onset of the burst (e.g., Kasen et al. 2015; Barnes et al. 2016; Fernández & Metzger 2016; Metzger 2017) .
AT2017gfo was discovered during its brightening phase at ∼ 11 hours after the gravitational wave event (Coulter et al. 2017 ) and was followed up by several groups both photometrically and spectroscopically in the optical and near-infrared (NIR) bands (e.g., Andreoni et al. 2017; Arcavi et al. 2017; Covino et al. 2017; Chornock et al. 2017; Drout et al. 2017; Evans et al. 2017; Pian et al. 2017; Smartt et al. 2017; Tanvir et al. 2017; Drout et al. 2017; Kasliwal et al. 2017a ). This enormous observational effort (e.g., Abbott et al. 2017b ) allowed several of these groups to recognize a thermal emission in the data, which was markedly different not only from an afterglow but also from a supernova event. Instead, both the light curve evolution and the early (< 15 days) spectra nicely matched the expected kilonova modelling, i.e. a thermal emission powered by the radioactive decay of elements formed via r-process nucleosynthesis in the ejecta of the NS-NS merger (e.g., Kasen et al. 2017; Metzger et al. 2018) . Therefore, hereafter we will refer to this kilonova as KN170817 (see also the Kilonova Project: Guillochon et al. 2017 ).
The precise nature of the different ejection mechanisms and of the different ejecta components is still under debate (e.g., Tanaka et al. 2018; Kasen et al. 2017; Metzger et al. 2018; Perego et al. 2017; Radice et al. 2018) . Numerical simulations show that, during the merger of two NSs, a small fraction (∼0.05 M or less) of the total mass is ejected into space with a latitude-dependent pattern of density, velocity and opacity. Specifically, it is thought that along the polar regions the ejecta have lower velocities and opacities ("blue" kilonova component; e.g., Kasen et al. 2017 ) with respect to the equatorial region if a NS remnant is formed after the merger. If a BH is promptly formed, the ejecta are mostly concentrated on the equatorial plane and have high velocity and large opacities ("red" kilonova component; see e.g., Kasen et al. 2017) . The analysis of the complete set of data of KN170817 has clearly demonstrated that ultraviolet and optical observations are of key importance to disentangle the different thermal contributions that are present in the observed emission (e.g., Pian et al. 2017; Arcavi 2018; Villar et al. 2017; Cowperthwaite et al. 2017; Bulla et al. 2018 ) and at least two, possibly three, different emitting components have been identified (e.g., Perego et al. 2017) .
A non-thermal emission consistent with a GRB afterglow was first identified in the X-ray and radio bands after more than one week since the GW event (e.g., Troja et al. 2017; Haggard et al. 2017) , and only months later in the optical (Lyman et al. 2018; Margutti et al. 2018; Rossi et al. 2018 ) due to Sun observational constraints. Afterwards, the multi-wavelength follow-up continued for up to one year after the GW event (D'Avanzo et al. 2018; Troja et al. 2018b; Piro et al. 2019) . The observations show a slow rising flux up to ∼ 150 days after the explosion followed by a decay and are interpreted as emission from a structured jet expanding in the ISM and observed off-axis from a viewing angle of ∼ 20 deg with respect to the jet axis (e.g., Mooley et al. 2018a; Troja et al. 2018b; Ghirlanda et al. 2018) . Such scenario predicts a late-time rising afterglow, in contrast with the on-axis case (i.e. when the viewing angle is along, or very close to, the jet axis). The afterglow observations and their consistency with the off-axis model further confirm that all the early (i.e. <1 month after the GW event) optical/NIR data of KN170817 are not contaminated by the afterglow emission, being the latter initially much fainter as it was already noticed (e.g., Pian et al. 2017) .
Before KN170817, the most clear example of kilonova is the one observed as an emerging component from the NIR afterglow of the sGRB 130603B at z=0.356 . Other cases of kilonova signatures were found in the afterglows of sGRBs 050709 at z=0.161 (Jin et al. 2016) , 060614 at z=0.125 (Yang et al. 2015; Jin et al. 2015) , 080503 (Perley et al. 2009; Gao et al. 2017 ) at unknwon redshift, 160821B at z=0.16 (Jin et al. 2018; Kasliwal et al. 2017b ) and 150101B at z=0.134 (Fong et al. 2016) . Interestingly, it has been noted that GRB 150101B could be an off-axis event, similar to GRB 170817A, due to its unusual afterglow light curve (Troja et al. 2018a ). Gao et al. (2017) found three other possible kilonova candidates while searching for magnetar-powered bursts within sGRBs with extended emission. They find that the light curves of the optical afterglows of GRBs 050724, 070714B and 061006 have a bump in their light curves with, however, peak luminosities at ∼1 day after the burst that are more than one order of magnitude brighter than the typical predicted values and the kilonova associated with GRB 130603B. It should also be noted that in all these possible kilonova identifications (but GRB 150101B), the kilonova emission was preceded by a bright GRB indicating an on-axis configuration, thus suggesting that the kilonova emission may exceed the afterglow luminosity even for on-axis GRBs.
After the discovery of KN170817, Fong et al. (2017) found that all the kilonova candidates mentioned above are more luminous than KN170817 by a factor ∼ 3 − 5. On the other hand, by analyzing the light curve of GRB 050509B they also ruled out the presence of a "blue" kilonova similar to the one seen in KN170817. These results suggest that kilonovae may display very different luminosities, colours and timescales. A similar conclusion has been obtained by Gompertz et al. (2018) in comparing the optical/NIR light curves of KN170817 with the ones of all the 23 sGRBs with measured redshift below 0.5. In this case the authors were able to firmly exclude the presence of a KN170817-like component in three sGRBs (GRB 050509B, 061201 and 080905A). At the same time, they confirmed that KN170817 was much fainter than the known kilonova candidates discovered to be associated with sGRBs.
To further investigate the possible range of kilonova luminosities, in this paper we compare the optical/NIR light curves of all sGRB afterglows with redshift known up to December 2018 with those of KN170817. With respect to Gompertz et al. (2018) we i) extend the spectral range used for Table A2 . b not in Fong et al. (2015) . c new redshift from Selsing et al. (2018) . the comparison up to the ultraviolet (UV) domain in order to provide constraints also on the "blue" kilonova component and ii) we mainly used X-Shooter spectra to obtain kilonova light curves from UV to NIR rather than using photometric data as in previous works. This paper is organized as follows. In § 2 we describe the KN170817 data used in this work and the sGRB sample selection. In § 3 we describe the methods we used to compare KN170817 with other sGRB afterglows. Section 4 then compiles the results about the most compelling sGRBs. These results are then discussed in § 5. Finally, our conclusions are given in §6.
Throughout this work, we adopt the notation according to which the flux density of an afterglow is described as F ν (t) ∝ t −α ν −β and we use a ΛCDM world model with Ω M = 0.308, Ω Λ = 0.692, and H 0 = 67.8 km s −1 Mpc −1 (Planck Collaboration: Ade et al. 2016 ).
DATA
In this section we describe spectroscopic and photometric data of KN170817, and the optical/NIR photometric data of sGRB afterglows with known redshift that we compiled and used in this work.
KN170817 data
We used the VLT/X-Shooter spectroscopic data of KN170817 presented in Pian et al. (2017) and Smartt et al. (2017) . The follow-up with VLT/X-Shooter of KN170817 not only is the first spectroscopic observation of a kilonova, but it also provided the first temporal sampling of this new class of sources. The 10 spectral data described in Pian et al. (2017) and Smartt et al. (2017) cover a temporal interval between ∼1.5 and ∼10.5 days after the GW trigger and have a coverage from UV to NIR bands. We did not consider Gemini-S/GMOS and VLT/FORS spectroscopic observations which are limited only to the optical window. All but two epochs are obtained from Pian et al. (2017) . The two epochs at ∼2.5 and ∼4.5 after the GW trigger are from Smartt et al. (2017) 1 and have been taken from the last version available on WISeREP (Yaron & Gal-Yam 2012) .
For the first 2 days after the GW trigger, we have collected photometric observations from the works of Tanvir et al. (2017) , Drout et al. (2017) , Evans et al. (2017) , Covino et al. (2017) , Coulter et al. (2017) , Troja et al. (2017) , Pian et al. (2017) , Cowperthwaite et al. (2017) . We interpolated the photometric light curves using a cubic spline to build the spectral energy distribution (SEDs) at three epochs. The first epoch at ∼0.5 days after the trigger roughly corresponds to the first optical/NIR observations, the second epoch is the first one with UV data, and the third epoch at ∼1 day after the trigger lays between the first photometric and the first X-Shooter observations. Note that we did not use all data available in the literature, because these data show to be very sparse, even if the single data points had in most cases very small uncertainties. This can be ascribed to different calibration and the problematic removal of light from the underlying host galaxy. Therefore, we decided to use only photometric data from large telescopes and from the restricted number of works given above.
All data have been corrected for the Galactic absorption using the interstellar extinction curve derived by Cardelli et al. (1989) , the dust maps of Schlafly & Finkbeiner (2011) , and an optical total-to-selective extinction ratio R V = 3.1. All observations have been converted to flux densities F ν using transmission curves or instrument-specific conversion factors when available, or the standard conversions following Blanton & Roweis (2007) .
The short GRB data sample
Our starting sample of short GRBs is the one presented by Fong et al. (2015) which includes 87 sGRBs with optical and NIR afterglows observed between November 2004 and March 2015. We considered only the 33 events that have redshift determination. We extended this sample by including 6 sGRBs with known redshift, detected between March 2015 and December 2018.
Many works show that the short/hard versus long/soft division does not map directly onto what would be expected from the two classes of progenitors (e.g., Kann et al. 2011) . Moreover, Bromberg et al. (2012) showed that the 2 s duration commonly used to separate Collapsars and nonCollapsars is inconsistent with the duration distributions of Swift and Fermi GRBs and only holds for old BATSE GRBs. For this reason we included the two peculiar long GRBs 060614 and 100816A, because their spectral hardness and negligible spectral lags are typical of short GRBs (see also however Bernardini et al. 2015) , although they have T 90 > 2 s. With respect to the Fong et al. (2015) sample we removed GRB 140622A because there are only very early upper limits (i.e. < 0.1 hours after trigger) for it. We also excluded the GRB 090426 which, although having a duration shorter than 2 seconds, has features similar to collapsar events (soft spectra, dwarf blue host, very luminous afterglow) (Antonelli et al. 2009; Nicuesa Guelbenzu et al. 2011 , 2012b . In addition, we have also updated the light curves of the whole sGRB sample by adding photometric measurements that were not included in the original Fong et al. (2015) data set (see Tab. A2) and we have updated the redshift of 111117A with z=2.211 (Selsing et al. 2018 ). The final sample thus consists of 39 short GRBs within the redshift range 0.1 ≤ z ≤ 2.2 and is summarized in Table 1 .
In all cases we pay particular attention in not including photometry that was dominated by the host according to the literature.
Finally, we must note that in the following we rely on the redshift which in most cases is the one of the associated host galaxy. However, in the case of GRB 080905 and 090515 the host association is unsure and redshift could be underestimated (D'Avanzo et al. 2014) .
DATA ANALYSIS
In order to compare KN170817 with sGRB afterglows, one needs to choose a common frame. There are two possible choices: 1) to compute the afterglow luminosity in the KN170817 rest-frame filters; 2) to compute the KN170817 luminosity in the GRB rest-frame filters. In this work we adopted the second method since the exceptionally high quality data set for KN170817 provided much better spectral accuracy and coverage than that of typical sGRB afterglow SED, enabling a more precise flux estimate in the redshifted frequencies. We thus first built a set of rest-frame KN170817 spectra at different epochs, and hereafter we will refer to them as kilonova spectral templates. We then convolved these spectra with the optical/NIR filters rescaled at the GRB rest frames and proceeded with the luminosity comparison. Below we explain all the steps of this analysis in more detail.
Kilonova spectral templates
After including the three SEDs built at 0.5, 0.66 and 1 days after the trigger, we have a total of 13 epochs that we use to build the kilonova spectral templates. In order to maximize the possibilities of comparison with sGRB afterglows down to the UV and up to the NIR regimes, we wanted to expand the spectral interval of the templates. For this reason, as first step we modeled the UV and NIR extremes of the SED and of the spectra, leaving untouched the rest of the spectral interval already covered. Therefore, we modeled the SEDs (at 0.5, 0.66 and 1 days after the trigger) following the current theoretical interpretation of KN170817, where the observed emission is the combination of at least two different black body components 2 (see Fig.2 ). A double black body model is favored over a single blackbody because it can better fit the extremes of the SED. However, note that even in the early phase when matter is extremely dense, opaque and hot, strong line blanketing can be at work and the absorption in the UV may not be negligible and thus the real temperature of the blue component can be higher. Therefore, even if the fit is good and it is physically justified we do not want to use it to investigate the nature of the kilonova emission. Note that in the first epoch at 0.5 days after the trigger, the peak of the blackbody is at much bluer wavelengths than the available photometry and cannot be constrained. Therefore, in this case, we have only extrapolated the model in the NIR, after imposing the blackbody temperatures to be ≤10000 K. For this reason, the U and B band KN template light curves start at 0.66 and not at 0.5 days after the trigger, like in all other bands. Later on, the ejected matter becomes more transparent and absorption features starts to dominate the spectra. Therefore, modeling the data with one or more blackbody components without considering absorption is not possible. However, given that we are only interested in Figure 3 . X-Shooter spectra between 1.5 and 10.5 days after the trigger (black) of KN170817. The blue and NIR tails have been modeled with a power-law F(ν) ∝ ν a (blue and red lines; see § 3.1).
expanding the spectral interval of the templates in the case of the X-Shooter spectra we have modeled the data with two power-laws, one below 5000Å and one above 21000Å (see Fig.3 ). The best fit models have been used to extrapolate the KN170817 flux down to 1,500Å and up to 26,000Å . Finally, we have computed the best fit spectral models in the kilonova rest-frame. For KN170817 we have adopted the redshift z KN = 0.0098 (Hjorth et al. 2017 ) that, with the assumed PLANCK cosmology, corresponds to a luminosity distance of D L = 43.7 Mpc.
The result of this procedure is a set of spectral templates, covering the UV to NIR range (see Fig. 4 ), computed at different epochs between 0.5 and 10 days after the GW trigger. We then used these templates to produce rest-frame light curves of KN170817 for all the GRB filters as explained in the next section.
Comparison with short GRBs
To proceed with the KN170817 -sGRBs comparison, each short GRB flux F ν measured at the time t GRB was converted to a luminosity and, for each filter, a rest-frame light curve was built where each epoch t GRB was computed in the GRB rest frame. In order to compare the KN170817 and sGRB luminosities in the same frequency, we proceeded as follows.
For each sGRB of our sample, we have a set of fil- ters used for the observations. Given a sGRB at redshift z GRB , for each filter X centered at the observed frequency ν X , we computed an effective rest-frame filter X e f f centered at ν X,e f f = ν X × (1 + z GRB ). By convolving the KN170817 luminosity spectra taken at different epochs (t) with the effective rest-frame filter 3 X e f f , we were able to build a KN170817 luminosity light curve L X,e f f (t) in the rest frame filter X e f f , i.e., the same in which the GRB was observed. With this procedure, we built a set of KN170817 luminosity light curves in the same set of filters used to observe a given sGRB. In this way we could proceed in a straightforward manner to the comparison of the luminosities of KN170817 and the sGRB afterglow in each filter.
RESULTS
In the following we present the results obtained from the comparison in each filter of the KN170817 luminosities and those of the afterglows of our selected sample of sGRBs. In order to avoid any model-dependent temporal extrapolation, in this work we limited the comparison to the afterglow observations that fall in the sampled KN170817 temporal window (0.5-10.5 days in restframe).
The afterglow and KN170817 light curves in different 3 The effective rest-frame filter was obtained by multiplying the filter response matrix by (1 + z GRB )
bands are plotted as luminosity (left side) and apparent magnitude (right side) versus rest-frame time in Figs.5, 6, and Figs.A1-A2. Note that several filters with similar wavelength have been grouped into a single one in the plots for visualization purposes. Also we remind that the filters quoted in each plot are the "effective" ones, i.e. the observed filters rescaled to the GRB rest frame. For 9 sGRBs the comparison with KN170817 was not possible because the afterglow sampling covered a temporal range before the KN170817 temporal window. However, we still show their light curves as illustrative examples of the magnitude range of KN170817-like emission in comparison with the one of the observed sGRB afterglows (see Fig. A2 ). In the case of GRB 100206A, despite being not covered by the KN templates, the gap is negligible and the observations are clearly fainter than the kilonova template (see below Sec 4.1).
In Table A1 we quote the luminosities as well as the ratios of the KN170817 and afterglow luminosities in the spectral bands and at the time of the observations at which such comparison was possible. On the basis of the luminosity ratios and on the temporal behavior of the afterglow luminosity, we divided the sample in three main groups described below.
sGRB afterglows fainter than KN170817
We find that in seven cases (namely GRBs 050509B, 050709, 061201, 080905A, 090515, 100206A and 160821B) the lumi- Table in A1 ). The fifth column quotes the GRB to KN luminosity ratio. The bursts with a flag in the last column are our kilonova candidate golden sample (see § 5.2) where 'S' stands for GRB with evidence of shallow decay from this work and 'KN' for evidence of kilonova from the literature. In the first group are shown seven sGRBs fainter than KN170817 (for GRB 100206A see text, Section 4). In the second group are shown the sGRBs with KN counterparts from the literature that are not in the first group. In the last group are shown the sGRB with shallow decay which are not in the other groups (all 'S' sGRBs are quoted also in Tab nosity of afterglow is smaller than the one of KN170817 in at least one filter. We have included here the GRB 100206A even if the coverage of its afterglow does not exactly span the same temporal window of the light curve of KN170817, because its optical i-band upper limit at ∼11.7 hours after the GRB trigger obviously implies that the sGRB afterglow is fainter than the KN template at the same time. This constrains the luminosity of a possible kilonova associated with this sGRB to be fainter than KN170817 by a factor of ∼ 2.
The afterglow light curves of these GRBs are shown in Figure 5 .
The sGRB afterglows span a range of luminosities that is between ∼5 and ∼1.1 times fainter than KN170817 (at different epochs and in different filters). In the top part of Table 2 we report the rest-frame time after the GW/GRB event and the effective filters in which we find that the afterglow luminosity was fainter than KN170817 by a factor quoted in the last column as luminosity ratio. The afterglow luminosities of these 7 GRBs enable us to robustly set constraining upper limits to a possible underlying kilonova component that is fainter than KN170817.
We note that for 2 of these 7 sGRBs (namely GRB 050709 and GRB 160821B) a kilonova emission has been invoked in the literature Jin et al. (2016 Jin et al. ( , 2018 ; Kasliwal et al. (2017a) . These sGRBs have been labeled in the last column of Table 2 with "KN". Moreover, for 4 sGRBs we find evidence of a shallow decay not consistent with the standard fireball model (see next Section). The latter ones are labeled with "S" in Table 2 .
sGRB afterglows brighter than KN170817
We then identify a second set of 20 sGRBs for which the afterglow luminosity in a filter is equal or above the corresponding luminosity of KN170817. These sGRBs are plotted in Figures 6 and A1.
In these cases, we could infer less constraining kilonova luminosity upper limits since, if present, a kilonova cannot be brighter than the observed emission. From these cases we find that the bright end of the kilonova upper limits lies in the range ∼ 1 − 1000 times the KN luminosity in the optical (with few cases up to ∼ 20000). Results are summarized in Table A1 .
Please note that the GRB afterglow emission is typically brighter than the expected kilonova luminosity (e.g., Ascenzi et al. 2018; Tanvir et al. 2013 ). Therefore, it is possible that at least in some cases the GRB afterglow is the dominating component. Despite this, three sGRBs for which the possible presence of a kilonova component has been found and published in the literature (namely GRBs 060614, 130604B and 150101B) belong to this sample and we report them in the middle part of Table 2 .
sGRB afterglows with shallow decay
A kilonova is expected to show a shallow evolution close to its maximum brightness. Therefore, it can be distinguished by the standard afterglow decay, which at the typical observing time (i.e., >min after the burst) has a constant powerlaw decay (e.g., Sari et al. 1998 Sari et al. , 1999 Zhang & Mészáros 2004; Zhang et al. 2006 ). . Short GRBs for which the afterglow luminosity light curves (circles and triangles) are below the KN170817 luminosity (dotted lines with crosses) in at least one effective filter (see §3.2). Upper limits are indicated by triangles. Note that GRB 050709, GRB 080905A and GRB 090515 show evidence of an anomalous shallow decay where the dashed black lines indicate the shallowest power-law predicted by the fireball model after the peak emission in slow cooling regime (α = 0.75, Sari et al. (1998) ). If this feature is due to an emerging kilonova emission, from these sGRBs we can infer the lower range of possible kilonova luminosity values (i.e. not just upper limits). Figure 5 but for sGRB afterglows for which the luminosity light curves are above the KN170817 luminosity in any filter and for which we found evidence of an anomalous shallow decay. If this feature is due to an emerging kilonova emission, from these sGRBs we can infer the upper range of possible kilonova luminosity values (i.e. not just upper limits). Under the reasonable assumption of a slow cooling regime for the electrons producing the observed afterglow radiation (see Sari et al. 1998 Sari et al. , 1999 ) the predicted shallowest flux decay power law index is α = 3(1 − p)/4 where p is the power law index of the electron energy distribution. In this context, using a minimal electron index p = 2 in the slow cooling regime, we considered a decay to be anomalously shallow when α < 0.75. We computed the decay index α for all sGRBs for which two or more observations were available. We note that the flattening in the GRBs 071027 and 061006 is due to the contribution from the host, and thus they are not considered here. In 11 cases we have found a suspicious shallow decay that can indicate the presence of a kilonova emission dominating over the afterglow component. The results are summarized in Table 3 .
In Fig. 7 we compare the estimated decay indexes with the ones of KN170817, computed assuming a power-law evolution between two template epochs (Fig. 4) . The decay index of the kilonova is always smaller in the H-band than in I and R bands thus indicating a smoother evolution in the red band with respect to the blue one. The afterglows of sGRBs 061210, 051221A, 050709 have a R-band decay index even lower than the one of KN170817 at a same epoch. In particular, GRB 061210 has the lowest (and the most negative) decay index of all sample, indicating a very clear rising in luminosity. It is also interesting to notice that in the other two cases the decay becomes steeper at later epochs, mimicking a bump due to a kilonova component. Also sGRBs 060614, 080905A, 090515, 150424A and 160821B have a very flat decay in R-band at very early times, but before a 170817-like kilonova could have been detected; therefore, it is difficult to compare their decay. However, we note that the evolution of 160821B nicely mimics KN170817 at later times, and its early evolution can be interpreted as the onset of the kilonova (Fig. 6 ). The kilonova of GRB 130603B observed in Hband is much steeper than the theoretical afterglow decay; however, its decay is in agreement with that of KN170817 at later times. Only in the case of GRB 150423A we find an I-band decay which is steeper than the kilonova, but still shallower than the theoretical value for a GRB afterglow, which can be interpreted as the kilonova emerging from the afterglow.
Finally, we included GRB 150101B because its decay index is lower than that of KN170817 at the same time, even if it is larger than the theoretical afterglow decay index.
In the following, we discuss in more detail these bursts. Note that four of them (GRBs 050709, 080905A, 090515, 160821B) are also part of the first group, i.e., those GRB afterglows that are fainter than KN170817.
• GRB 050709A. In this case the R-band light curve is very shallow with α ∼ 0.7 between 58 and 135 hours after the trigger. For this burst the presence of a kilonova was claimed by Jin et al. (2016) . From the comparison with KN170817, if the claimed kilonova signature is real, then its luminosity is comparable within the uncertainties in the K, I and V -bands, although afterglow contamination is still possible. This case was already presented in the previous section.
• GRB 050724. Its early R-band light curve is rising between 4 and 10 hours after the trigger, with α ∼ −0.5. Indeed, marginal evidence for a thermal component has been claimed by Gao et al. (2017) , which, however, interprets this to be the magnetar powered emission, because it is more luminous than other previous KNe.
• GRB 051221A. In this case the R-band light curve shows a small bump starting at 52 hours after the trigger with an initial flat decay (α ∼ 0). The R-band afterglow is more than 100 times brighter than KN170817 at ∼ 50 hours after the trigger. For this burst a marginal evidence on the presence of a kilonova was claimed by Gao et al. (2017) .
• GRB 060614A. In this case the R-band light curve shows a clear bump with an initial brightening peaking at ∼ 4 hours after the trigger. This behaviour is extremely peculiar and associated with a kilonova (Jin et al. 2015) . In this case, the detected luminosities are a factor of ∼16 larger than the R-band luminosity of KN170817 at ∼12.8 hours after the trigger.
• GRB 061210. The R-band light curve of this burst has just one early upper limit and a later detection. However, it clearly becomes brighter with time, with α < −0.6, in contrast with the expected afterglow behavior. If a kilonova is the dominant component, then it is brighter than KN170817 by a factor of ∼ 10 3 at ∼70 hours after the trigger.
• GRB 080905A. In this case the R-band light curve is very shallow, with α ∼ 0.4 between 8 and 15 hours after the trigger. A deep upper limit at ∼30 hours confirms that no emission from an underlying host is affecting the early data. This behavior may be more compatible with a kilonova. This case was already presented in the previous section.
• GRB 090515. In this case the r-band light curve has a decay index α ∼ 0.1 between 1.7 and 25 hours after the trigger. Moreover, a very late (∼ 10 3 hrs) deep upper limit confirms that no emission from an underlying host is affecting the early data. This behavior may be more compatible with a kilonova. If a kilonova is the dominant component, it Table 3 . The sGRBs labels are colored following the band in which the decay index was computed. Upper limits are indicated as downward triangles. The horizontal line indicates the lowest possible decay index predicted by the afterglow theory (α = 0.75; see §4.3). The curves are the smoothed splines of the decay indices of KN170817 in R, I and H-bands, from top to bottom, computed in the 13 epochs. These are derived by computing the decay between two epochs in the template light curves shown in §4 with a time step of 0.5 days.
is brighter than KN170817 by a factor of ∼ 4 at ∼ 18 hours after the trigger. Note that this case was already presented in the previous section.
• GRB 150423A. This burst shows a shallow decay behavior in the i-and z-bands, with index α ∼ 0.4 in the r-band before 4 hours after the trigger. The temporal mismatch with the KN170817 light curves prevents us from performing a more quantitative comparison.
• GRB 150424A. In this case the r-band light curve has an atypical shallow decay with index α ∼ 0.1 between 1.6 and 13 hours after the trigger. If a kilonova is the dominant component, its light curve is brighter than KN170817 by a factor of ∼ 2.3 in the H-band at ∼124 hours after the trigger. Note that the shallow r-band light curve was also explained by Knust et al. (2017) as due to energy injection from a down spinning magnetar.
• GRB 160821B. In this case, the R-band afterglow shows a flat evolution at ∼ 1 hour after the trigger (α ∼ 0), which then increases to α ∼ 0.9 between 1 and 86 hours after the trigger. The J and H-band light curves have a behavior similar to that of KN170817, but have a decay index larger than one. This case was already presented in the previous section. These results possibly indicate an underlying "blue" kilonova emission.
The special case of 130603B
The short GRB 130603B was one of the first and most credited evidence of the presence of a kilonova as an additional component to the afterglow ) before the discovery of KN170817.
The poor temporal resolution in the sampling of the afterglow of this GRB did not allow us to find evidence of a shallow decay due to the underlying kilonova by simply applying our criteria explained in the previous section. However, by computing the decay index in the R and H bands, we find very different values (1.5 and 2.7, respectively; see Fig. 7 ), that clearly indicate the requirement of an additional emission component to the afterglow decay in the R-band.
DISCUSSION

Constraints on kilonova emission
In this work, we compare the afterglow luminosity with the luminosity of KN170817 in the same sGRB rest-frame frequencies. We find robust evidence that not all sGRBs are associated with a KN170817-like source. In particular, in seven cases (namely GRB 050509B, 050709, 061201, 080905A, 090515, 100206A and 160821B) a KN170817-like emission could have been detected since its expected luminosity should have been well above the afterglow luminosity. In these cases, if present, a kilonova emission was fainter than KN170817 by a factor less than 5 (see Tab. 2 and Tab. A1). Note that Gompertz et al. (2018) reached similar results and conclusions in the case of GRB 050509B, 061201, and 080905A.
The luminosities of the sGRBs of our sample and that of KN170817 are shown in Figure 8 . In the left panel we show the sGRB afterglow luminosities as a function of time, as well as the KN170817 luminosities, in three main spectral bands (<400 nm, 400-900 nm and >900 nm). In the right panel of the same figure, we plot the luminosity ratios versus time from merger. From these plots we can infer the overall range of possible kilonova luminosity upper limits and make an easy comparison with KN170817. In particular, in the 400-900 nm band we find very deep afterglow upper limits at ∼ 1.5 − 2 days from the merger epoch, indicating that if a kilonova were present it should had been as faint as 10 26 erg s −1 Hz −1 , that is a factor of ∼ 5 fainter than KN170817. In the NIR (>900 nm), the afterglow luminosity reaches similar luminosity values after about 3 days from the trigger, and thus a kilonova should had been a factor ∼ 2 fainter than KN170817. In the UV -band (<400 nm) the afterglow luminosity is always brighter or comparable with KN170817.
From Table 2 one can see that in 5 cases (of 7 in the first group) the optical afterglows of sGRBs are fainter than KN170817 at early times, i.e. before 2 days after trigger (i.e., all but GRBs 050709 and 160821B). In these cases the "blue" kilonova component is damped or suppressed with respect to what observed in KN170817. At very late times, i.e. after ∼80 hours, all optical afterglows are brighter than KN170817. However, in the NIR one sGRB is fainter than KN170817 (GRB 160821B), indicating that in this case the "red" kilonova is at least partially suppressed.
KN170817 is the only kilonova that has been very well sampled and studied so far, but it is a one-of-its-kind example and other kilonovae may differ for their evolution and colors. In particular, according to the most accredited model (e.g., Mooley et al. 2018b; Ghirlanda et al. 2018) , KN170817 was observed ∼20 degrees off-axis while here we are comparing it with likely on-axis events (see also Bulla et al. 2018) . A kilonova luminosity gradient in a given wavelength is expected between the polar and the equatorial direction of the Table  A1 after shifting the effective wavelengths of the filter bands to the rest frame value. The color code indicates different spectral bands ( blue: <400 nm, green: 400-900 nm, red: > 900 nm). Upper limits are indicated as downward triangles. Black framed points belong to those sGRBs with evidence of shallow decay (see text). The blue, green, and red solid lines in the left panel indicate the KN170817 luminosities at 350 nm, 800 nm and 1600 nm wavelength, respectively.
binary plane system, and its magnitude depends on the fate of the central remnant (e.g., Kasen et al. 2017; Radice et al. 2018 ). This prediction is in line with our findings from the afterglow to KN170817 luminosity ratio of our sample of sGRBs (see also next section for discussion on the golden sample of kilonova candidates) that provides hints that kilonovae can be down to 5 times fainter and up to several tens brighter than KN170817 (Tab. 2). According to the recent numerical computations (see e.g., figure 24 in Radice et al. 2018) , by correcting the luminosity of KN170817 to account for its off-axis inclination should result in an overall decrease of its luminosity for the case of a BNS promptly forming a BH by less than 0.5 mag. This amount is not enough to fully explain the low luminosity ratio measured in those GRBs with optical afterglow fainter than KN170817 (Tab. 2). If an HMNS or a stable NS is formed, then its polar luminosity should increase in the rest-frame g and z bands by a factor of less than 1.5 (i.e., a decrement of ∆g ≤ 0.4 mag and ∆z ≤ 0.2 mag). Again, this factor is not high enough to explain the measured large luminosity ratios for several GRBs (Tab. 2). We conclude that, in the prompt BH formation case we cannot explain the measured luminosity gradient for any viewing angle, and even assuming a central NS formation, the viewing angle correction factors are not large enough to recover the observed luminosity gradients (Tab. 2).
A possible solution to explain the emission of the kilonova associated with the 7 GRBs for which the afterglow was fainter than KN170817 may invoke not only a different viewing angle but also a different progenitor, i.e. NS-BH instead of BNS, where larger opacities are expected with respect to a NS-NS merger case. Although in the most dramatic cases larger masses and velocities of the ejecta can have an important role, any further investigation is beyond the scope of this paper.
Please note that using the distance of 40.7 Mpc found by Cantiello et al. (2018) KN170817 would become fainter of a factor 1.5 and therefore the luminosity ratios would change. However, this would not change qualitatively our conclusions, i.e., the bursts fainter than KN170817 and those with a shallow decay would remain the same.
GRBs with kilonova candidates
Past evidence of kilonova emission was found in the afterglow of 6 sGRBs (130603B, 050709A, 060614A, 080503, 150101B, 160821B, see §1 and references therein). Except for the case of GRB 080503, for which the distance is unknown, all these GRBs belong to our analyzed sample. In Section 4.3 we identified a subsample of 11 sGRBs with anomalous shallow decay that may possibly indicate the presence of a kilonova component. The presence in this subsample of four sGRBs at known distance for which a kilonova component was already established or suspected (sGRBs 050709, 060614, 150101B and 160821B) may support the same interpretation for the remaining seven cases (061210, 050724A, 051221A, 080905A, 090515, 150423A and 150424A). Assuming this subsample, together with sGRB 130603B, as a golden sample of kilonova candidates (see Table 2 ), from our comparison of their luminosities with KN170817 we can infer the possible kilonova luminosity range of actual values, i.e., not just upper limits.
For GRB 130603B, the NIR kilonova was detected with an observation taken ∼ 7 days after the burst in the Hband . At this time, the luminosity of KN170817 in the same band is 3 times fainter (see Fig.A) .
Among the 11 events in the golden sample, four sGRBs (namely 050709, 080905A, 090515 and 160821B) are among those fainter than KN170817.
As mentioned in the previous section, the observed luminosity gradient with respect to KN170817 cannot be ascribed to an off-axis effect only, i.e. due to the inclination of KN170817 with respect to the on-axis sGRBs, for any type of NS-NS merger remnant (e.g., Radice et al. 2018) . For those GRBs with low luminosity ratios (i.e. with optical afterglow fainter than KN170817) we speculated on the possible NS-BH merger origin for these sGRBs. However, for some of these sGRBs, there is evidence in favor of a long-lived NS remnant. Indeed, GRBs 080905A and 090515 are among those with a plateau in their X-ray light curve. Afterglow X-ray plateaus can be interpreted as produced by a highly magnetized millisecond pulsar (a magnetar) losing energy via dipole radiation and thus providing the energy to sustain the X-ray plateau phase (e.g., Zhang & Mészáros 2001; Yu et al. 2013; Metzger & Piro 2014; Siegel & Ciolfi 2016a,b) . Therefore, in those cases where an X-ray plateau feature was detected and well modeled by a magnetar power supply, a long-lived NS remnant is likely formed after the merger.
If there is a long-lived NS remnant, its spin-down emission could illuminate the ejecta on timescales much longer (up to hours or even more) than the typical timescale of baryon wind ejection and neutrino irradiation (less than few seconds), effectively increasing the ejecta kinetic and thermal energy and thus potentially altering the brightness of the corresponding KN. Interestingly, in the cases of GRBs 080905A and 090515, the X-ray afterglow plateau ends with a steep decay starting ∼ 450s and ∼ 150s after the burst onset, respectively, that has been interpreted as the signature of a transition of the NS into a BH (Rowlinson et al. 2010 (Rowlinson et al. , 2013 . In these cases, the faint kilonova luminosities might find an explanation within the scenarios of NS-NS mergers producing a long-lived NS remnant that collapses within hundreds of seconds into a BH. Indeed, a collapse of the NS into a BH around 200-300 seconds can significantly reduce the total amount of energy emitted via spindown and thus energy deposited in the previously ejected baryon winds. This may in fact result in a less bright "blue" KN. Consistently with the above mentioned scenario, in the cases of GRBs 051221A and 060614A, for which an X-ray plateau was also found in their afterglow light curves (Stratta et al. 2018 , e.g.,) the magnetar emission continued much longer (up to few tens of ks) and the optical light curve is more luminous than the one of KN170817. This may be evidence that what we observed was a BNS merger exploding as a short GRB and a "blue" kilonova, leaving a magnetar as final remnant of the merger. GRB 150423A is unique among all sGRBs in the golden sample because it is the only one with redshift larger than 1, while all others have redshift z<0.6. Because of this, its luminosity may be exceptionally large compared to KN170817, but there are no simultaneous detection for a direct comparison. The brightest event is GRB 061210, which is ∼350 times brighter than KN170817 in the optical ∼2 days after the burst. However, this event is also at least an order of magnitude more luminous than the second brightest KN candidate. The other very bright events (GRBs 051221A, 060614, and 150424A) are ∼15-40 times brighter than KN170817 in the optical. For comparison, the light curve of the kilonova associated with GRB 130603B is only a factor 1.5-3 times brighter (like GRB 150101B). Ascenzi et al. (2018) modeled the lightcurves of a selected sample of sGRB afterglows and estimated the kilonova peak luminosity in g and H bands. While their sample is limited to that studied by Gompertz et al. (2018) and the goals are different, they also found that GRB 060614A is among the brightest events. Fong et al. (2017) also compared the light curves of some of these bursts (GRBs 130603B, 150101B, 160821B) and found similar results, except for GRB 160821B, for which however they did not use the deeper detections in the NIR but only upper limits, and thus the kilonova emission could not be constrained further.
High redshift events
In the following, we want to investigate up to which redshift a kilonova can be followed-up, considering the current and future optical and NIR facilities. In doing so we do not consider the challenge to search and identify a kilonova within the error boxes given by the GW detectors (see e.g., Brocato et al. 2018 ).
In Fig. 9 we show the maximum brightness of KN170817 in the observed r-band (at 12 hours in the rest frame) and H-band (at 58 hours in the rest frame) up to the redshift at which the future Einstein Telescope (ET; Sathyaprakash et al. 2012 ) will be able to observe a GW signal from a merging BNS (z ∼ 2). We put a lower limit to the 3-σ detection with the current largest ground-based and orbiting telescopes dedicated to the characterization of the source: e.g., VLT, LBT, Keck, Gemini (r = 26, H = 23 mag in the AB system), and the Hubble space telescope (HST) along with the forthcoming ELT ground-based telescope and the JWST space telescope (H ∼ 28 mag in the AB system) assuming 10 min exposure time. A KN170817-like kilonova would be detectable up to redshift 0.5 in the optical and 0.2 in the NIR by ground-based very large telescopes. The JWST will be able to detect KN170817 at redshift larger than one. Note that ET would be able to detect all GW signals associated to the kilonova candidates in our golden sample. Moreover, they will be easier to follow-up with the future generation of ground-and space-based telescopes.
From figure 9 , we note that a 170817-like kilonova would be brighter in NIR bands at redshift larger than ∼ 0.5, but only the JWST or the ELT would be able to detect this emission. Note that a kilonova ∼10 times brighter than KN170817 in the optical (like that associated with GRB 060614, and assuming that the kilonova is the dominating component) would be detectable above z = 1 in the r-band with the current largest telescopes, while for a NIR kilonova like the one associated with GRB 130603B (3 times brighter than KN170817) a detection is possible with HST up to redshift ∼0.5. This shows that follow-up of GRB/kilonovae with large-size ground-based telescopes and space observatories at redshifts beyond that of GRB 130603B is possible, although in most cases it can be difficult to distinguish the GRB afterglow from the kilonova component.
CONCLUSIONS
The discovery of GW170817 and GRB 170817A has provided the first direct evidence of the association of at least a fraction of sGRBs with binary NS merging systems. It also provided the most compelling evidence that kilonova emission may be an additional component in sGRB optical/NIR afterglows.
We find robust evidence that not all sGRBs are consistent with being associated with a kilonova emission as bright as KN170817. There are 7 sGRBs over 39 (18%) in which either no kilonova emission is produced, or, if it is present, it should have a luminosity up to 5 times fainter than KN170817, constraining the luminosity range of KN170817-like events. In 11 cases over 39 (28%), the anomalous shallow decay of the afterglow fluxes suggests that a kilonova emission is present and dominating the afterglow. In particular, in four of these cases, the kilonova is fainter than KN170817, posing limits on its emission mechanism.
Despite this work is not finalized to the search of kilonova candidates in the afterglow of sGRBs but only on KN170817-like luminosity constraints in past sGRBs, in our analysis we could recover all previously claimed kilonova detections with known redshift. In particular, these were found among the sGRBs with anomalous shallow decay. In addition, we find possible indications for a kilonova component in the afterglows of sGRBs 060210, 051221A, 080905A, 090515, 150423A and 150424A, that to our knowledge has not been detected in past analyses. Figure A1 . Short GRB afterglows for which the luminosity light curves are above the KN170817 luminosity in any filter. Figure A2 . Short GRBs for which no afterglow data fall within the KN170817 sampled temporal window.
